AOPs to decrease correlated well with the decrease in aerosol number and volume concentration. The tendency for the singlescattering albedo and backscattering fraction to increase affected to the effective aerosol forcing efficiency, indicating that the dry aerosols were scattering the radiation more effectively back into space. In addition to these trends, we also observed 15 seasonal and diurnal variations and variations between the AOPs of the PM1 and PM10 particles.
Introduction
Aerosol particles directly affect the climate by scattering and absorbing the shortwave radiation from the sun (ARI, aerosolradiation interaction) (Charlson et al., 1992) . The ARI is dependent on the reflectivity of the aerosol particles as well as on the albedo of the surface below the aerosol layer. For the aerosol particles to have a cooling (warming) effect, the reflectivity 20 of the particles must be higher (lower) than the albedo of the surface (Haywood and Shine, 1995) . Aerosol particles also impact the climate via aerosol-cloud interactions (ACIs) since aerosol particles may act as cloud condensation nuclei (CCN). By functioning as CCN, aerosol particles also affect the optical properties of the cloud (Haywood and Boucher, 2000) . The more CCN are available, the smaller and more numerous are the cloud droplets. Clouds with more droplets scatter light more efficiently, so they have a larger cooling effect than clouds that have fewer droplets (Twomey, 1991) . Clouds with smaller 25 droplets have longer lifetimes, since it requires more time for the cloud droplets to grow to the size of rain drops (Lohmann and Feichter, 1997) . Longer lifetimes also increase the cooling effect of the clouds.
There are vast uncertainties in determining the global radiative forcing related to aerosol particles (Boucher et al., 2013) . The number concentration, chemical composition and size distribution of aerosol particles vary widely both spatially andtemporally, so it is challenging to consider them in the models. Challenges arise even more with the ACIs, which include highly complex processes.
The aerosol optical properties (AOPs) describe how much the particles scatter and absorb radiation at different wavelengths.
It is essential to know how the aerosol particles interact with radiation to determine the direct effect on the climate. The 5 extensive optical properties, such as scattering and absorption coefficients, are dependent on the concentration of the particles and also on their size distribution and chemical composition. Intensive properties, however, are not dependent on the concentration but on the properties of the particles, such as the size distribution and composition. Intensive properties can be determined by comparing the scattering, backscattering and absorption measurements at different wavelengths. Therefore, by measuring the AOPs at different wavelengths, we can also obtain information on the size distribution and chemical composition 10 of the aerosol particles and not only on the amount of scattering and absorption. This explains why the measurements of AOPs can give practical results.
In situ measurements of AOPs have been conducted at SMEAR II (Station for Measuring Ecosystem-Atmosphere Relations; Hari and Kulmala, 2005) in Hyytiälä, Finland since 2006 for aerosol particles smaller than 10 µm in diameter (PM10). In 15 addition to the PM10 measurements, AOPs of particles smaller than 1 µm in diameter (PM1) have been measured since 2010.
SMEAR II is located in the middle of a pine forest and represents the atmospheric conditions typically found in boreal forests (Hari et al., 2013) . Boreal forests are sources for new aerosol particles that are formed in a gas-to-particle conversions (Kulmala et al., 2004; Kulmala et al., 2013) . Boreal forests (also known as Taiga) cover approximately 30 % of the world's forests and 8 % of the earth's surface, so they greatly impact the global radiation budget. 20 Here, we present the observed temporal variation and trends of the AOPs at SMEAR II. These AOPs have been previously discussed by Virkkula et al. (2011) and Pandolfi et al. (2018) . Virkkula et al. (2011) used the integrating nephelometer and the aethalometer data from a 3-year period (2006) (2007) (2008) (2009) . Pandolfi et al. (2018) compared the aerosol scattering measurements that were conducted at different measurement sites in Europe. At SMEAR II, the study involved nephelometer data, from 2006 to 25 2015. However, these articles determined the AOPs of the PM10 particles only, and Pandolfi et al. (2018) did not include absorption data. Long time series (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) (2016) (2017) of the measurements of both scattering and absorption together at SMEAR II have not been presented before, nor have the optical properties of the PM1 particles.
Measurements and methods

The field site 30
The measurements presented here were conducted at the SMEAR II station in Hyytiälä, southern Finland (61° 51' N, 24° 17' E, 181 m above sea level.). SMEAR II is located in the middle of a forest that consists mostly of Scots pine (Pinus sylvestris Atmos. Chem. Phys. Discuss., https://doi.org /10.5194/acp-2018-981 Manuscript under review for journal Atmos. Chem. Phys. Discussion started: 12 November 2018 c Author(s) 2018. CC BY 4.0 License. L.) trees (Hari et al., 2013) . The nearest larger cities, Tampere (220 000 inhabitants) and Jyväskylä (140 000 inhabitants), are located about 60 km and 100 km from the measurement station. Otherwise, there are no large pollution sources nearby the station. Here, absorption data from the AE-31 and scattering data from the TSI3563 were used since they have the longest time series, and an important part of our discussion is the analysis of trends.
Instrumentation
Measurements of aerosol optical properties
Comparison of all optical instruments will be presented in Luoma et al. (manuscript in preparation) .
From June 2006 to June 2010, the measurements were conducted for the PM10 particles only and since June 2010 also for the 15 PM1 particles. The sample air is taken through a PM10 inlet (Digitel, Low volume inlet) and led alternatingly either directly to the instruments or via a PM1 impactor.
Until March 2013, the integrating nephelometer and the aethalometer measured sample air that was not dried with any external driers. During winter, the relative humidity (RH) remained below 40 %, since the sample air warmed up to room temperature 20 (about 22 °C). Sometimes in summer, the RH of the sample increased to over the 40 % limit. If the RH was above 40 %, the data were flagged as invalid. After the installation of the Nafion-driers in March 2013, the humidity caused no further problems.
A more detailed description of the optical measurements at SMEAR II will be given in Luoma et al. (manuscript in preparation) .
Size distribution measurements 25
In addition to the optical measurements, measurements of the size distribution were used. The size distribution measurements were conducted with a Twin Differential Mobility Particle Sizer (TDMPS) in the size range 3-1000 nm (Aalto et al., 2001) and a TSI Aerodynamic Particle Sizer (APS) in the size range 0.53-10 µm. In the overlapping range of the TDMPS and the APS the number concentrations from the TDMPS were used up to 700 nm. The TDMPS, APS, integrating nephelometer and the aethalometer are located in the same measurement building. The TDMPS and APS have their own individual measurement 30 lines. In the TDMPS measurement line, there is an inlet that removes particles larger than 1 µm. There is no active drying Atmos. Chem. Phys. Discuss., https://doi.org /10.5194/acp-2018-981 Manuscript under review for journal Atmos. Chem. Phys. Discussion started: 12 November 2018 c Author(s) 2018. CC BY 4.0 License. system in the TDMPS measurement line to prevent particle losses. In the APS measurement line there is a pre-impactor that removes particles larger than 10 µm. The APS has its own drier, which heats up the sample air to above room temperature.
Data processing
All the data were quality assured manually and averaged for 1 h periods. If the internal RH in the instrument exceeded 40 %, the data from that instrument were excluded from further analysis. All the data were also converted from ambient conditions 5 to the standard temperature and pressure (STP) conditions (1013 hPa, 0 °C). The data used in this study were measured between 21 June 2006 and 31 December 2017, and since that time 81 % of the nephelometer data and 70 % of the aethalometer data were considered valid.
Scattering data
The total scattering measured with the nephelometer was corrected for the truncation error according to Anderson and Ogren 10 (1998) . We did not apply the truncation correction to the backscattering, since the backscattering measurements were much noisier, especially at the red wavelength.
Absorption data
The aethalometer flow was corrected by comparing the flow reported by the aethalometer with the weekly flow measurements conducted at the station. An average spot size of 8.3 ± 0.1 mm was measured from the old aethalometer filters by using a loupe 15 magnifier (Estenbach) with 0.1 mm accuracy and it was used instead of the spot size reported by the aethalometer.
The absorption measured by the aethalometer was corrected for the filter loading error with the correction algorithms described by Weingartner et al. (2003) , Arnott et al. (2005) , Virkkula et al. (2007) and Collaud Coen et al. (2010) . The measured σsca values were first interpolated and extrapolated to the AE wavelengths ( = 370, 470, 520, 590, 660, 880 and 950 nm) . The 20 multiple scattering correction factor (Cref = 3.34) was determined, using the MAAP and the AE-31 data. Comparisons and detailed analyses of the algorithms will be presented in Luoma et al. (manuscript in preparation) . Here, we used the aethalometer data that were corrected, using the correction algorithm described by Collaud Coen et al. (2010) .
In calculating the single-scattering albedo, the absorption data had to be interpolated to the same wavelength with the scattering 25 measurements. The absorption data were then interpolated to the green wavelength (550 nm), using the Ångström exponent (α) described in Eqs. 3 and 4.
Atmos. Chem. Phys. Discuss., https://doi.org /10.5194/acp-2018-981 Manuscript under review for journal Atmos. Chem. Phys. Discussion started: 12 November 2018 c Author(s) 2018. CC BY 4.0 License.
Intensive optical properties
The extensive properties, which are the scattering, backscattering, and absorption coefficients (σsca, σbsa, and σabs), were used to calculate intensive properties presented in detail below.
The single-scattering albedo (ω0) describes how much of the total light extinction (sum of σsca and σabs) caused by the aerosol 5 particles is due to scattering:
The ω0 can be linked with the source and chemical composition of the aerosol particles. High values of ω0 mean that the aerosol particles are mostly scattering and are light in color. Darker aerosol particles (which have a lower ω0) have a relatively higher mass fraction of absorbing material, such as soot, which is emitted in combustion processes. 10
The backscatter fraction (b) describes how much aerosol particles scatter radiation in the backward direction compared with the total scattering
The angular dependency of particle scattering is dependent mostly on the particle size. The value of b is smaller for a size 15 distribution that consists of larger particles, since large particles scatter light heavily in the forward direction and thus b can be used as an indicator of the shape of the particle size distribution. The b is an especially important property for modeling the direct effect of aerosol particles on the climate, since it is used to describe how much sunlight is scattered upwards back into space.
20
The Ångström exponent (α) is used to describe the wavelength (λ) dependency of a certain optical property (σ) (Ångström, 1929) = − .
After calculating α, the optical property can be extrapolated or interpolated into different wavelengths
25
In this study, α values were calculated for σsca and σabs to obtain αsca and αabs.
Since light scattering is highly dependent on particle size, αsca is also used as an indicator of the particle size distribution and is larger for the smaller particles, since they have a stronger wavelength dependency. If αsca is larger than 2, it is typically believed that the volume distribution is dominated by particles smaller than 0.5 µm, and if αsca is smaller than 1, the larger 30 particles (physical diameter Dp > 0.5 µm) predominate in the distribution (Schuster et al., 2006) . In comparison to b, αsca is more sensitive to the coarse mode particles (e.g. Collaud Coen et al., 2007) .
The value of αabs is also dependent on the chemical composition, coating, and size of the particles, even though the chemical composition is generally considered to be the more important factor. The αabs is usually used to identify black carbon (BC) and 5 brown carbon (BrC) particles. The BC particles are highly absorbing aerosol particles and the BrC particles are considered to consist of some organic carbon compounds, which absorb light more strongly at short than long wavelengths. If the particles consist purely of BC, the absorption would be dependent on wavelength as λ -1 and abs would be equal to unity. However, if the particles also consist of material that absorbs light only at ultraviolet wavelengths, αabs would be larger than 1. In ageing processes the BC particles may become coated by some purely scattering material, such as sulfuric acid or ammonium sulfate, 10 or by slightly absorbing organic material (Schnaiter et al., 2005; Zhang et al., 2008) . The coating greatly affects the absorption wavelength dependency, and thus the division into BC and BrC by considering only αabs is not that simple. If the sizes of the BC particles and the thickness and complex refractive index (m) of the coating are not known, it is challenging to use αabs to describe the chemical composition of the particles (Gyawali et al., 2009; Lack and Cappa, 2010) . The absorption wavelength dependency is also used to describe the source of the BC (Sandradewi et al., 2008; Zotter et al., 2017) . The source 15 apportionment assumes that there are BC emissions only from traffic and wood burning and that the BC from these sources has a specific wavelength dependency.
To investigate how the AOPs at SMEAR II would affect the climate, the aerosol radiative forcing efficiency (ΔFδ -1 or RFE) was also calculated. The RFE describes how large a difference the aerosol particles would make to the radiative forcing (ΔF) 20 per unit of aerosol optical depth (δ)
In the equation, D is the fractional day length, S0 the solar constant, T the atmospheric transmission, AC the fractional cloud amount, and RS the surface reflectance for which the following constants were used respectively: D = 0.5, S0 = 1370 Wm -2 , T = 0.76, AC = 0.6 and RS = 0.15. The values were chosen according to the article by Haywood and Shine (1995) . The factor β is 25 the upscatter fraction and is calculated using b (Delene and Ogren, 2002) = .
+ . − . .
It must be noted that ω0 and b used in Eq. 5 are defined for dried sample air; thus RFE does not represent ambient air. In the ambient air, RH is larger and the particles may have different optical properties due to hygroscopic growth. 
Properties calculated from particle size distributions
With the size distributions it is possible to calculate differently weighted mean diameters. In this study, we used the geometric mean diameter (GMD) and the volume mean diameter (VMD). The GMD is the mean diameter that is weighted by the number
5 while the VMD is weighted by the particle volume
Since the number concentration is focused on the nucleation and Aitken mode particles, the GMD describes the distribution changes in the smallest sizes. The VMD, in contrast, is affected by the changes in the accumulation and coarse mode, since they contribute the most to the volume size distribution. 10
The measurements of the AOPs and size distribution can be combined by determining the complex refractive index (m = n + ik), which describes how much the particles scatter and absorb light and can be used to model σsca, σbsca and σabs from the size distribution measurements. Index m consists of the real part (n), which accounts for the scattering, while the absorption is described by the imaginary part (k). Like ω0, m describes the darkness and the chemical composition of the aerosol particles. 15
In this study, m was iterated from the σsca, σabs and size distribution measurements in a manner similar to that described by Virkkula et al. (2011) . In the first step of the interpolation σsca,Mie and σabs,Mie were determined for the measured size distribution by using the Mie-theory with initial m = 1.544 + 0.019i. The calculated σsca,Mie and σabs,Mie were then compared with the measured σsca and σabs. If the calculated and measured values did not agree the real part of m was first varied stepwise by 0.001 20 until the measured and modeled σsca agreed. Next, the imaginary part of m was varied in the same way until the measured and modeled σabs agreed. The new imaginary part of m also affected σsca so the real part had to be reiterated. This iteration was continued until the measured and calculated values agreed within 1 %. The MATLAB codes developed by (Mätzler, 2002) were used to model the Mie scattering and absorption.
Trends 25
The trends and their significance were determined using the seasonal Kendall test described by Gilbert (1987) . This test determines if there is a similar trend for each season (month) separately. All of the trends were calculated for the monthly medians, and at least 14 days of valid data in a given month were required for this month to be taken into account in the trend analysis.
Results and discussion
Below we first present the descriptive statistics of the AOPs, their trends, and seasonal variations at SMEAR II for both the PM1 and PM10 measurements. The figures of the AOPs in this chapter are presented in the green wavelength (550 nm for the scattering and intensive properties and 520 nm for the absorption measurements). In the figures of αsca and αabs, wavelength ranges of 450-700 nm and 370-950 nm were used. 5
Overview of the data
The descriptive statistics of the AOPs of both the PM10 and PM1 particles are shown in Tables 1 and 2 , respectively. From Table 1 we see that the PM10 AOPs differ somewhat from the results of Virkkula et al. (2011) and Pandolfi et al. (2018) , which can be explained by the trends and by differences in the data processing. For example the mean σsca (~15 Mm -1 ) at  = 550 nm in this study was lower than that presented by Virkkula et al. (2011) (~18 Mm -1 ) and by Pandolfi et al. (2018) ( ~17 10 Mm -1 ), which is probably due to the tendency of σsca to decrease (see Sect. 4.2). However, we also determined a strong tendency for σabs to decrease as well, but the mean σabs (~2.1 Mm -1 , interpolated to 550 nm) was not much lower than the mean (~2.2 Mm -1 , at 550 nm) in the study by Virkkula et al. (2011) . This was mainly due to the different aethalometer data-processing algorithms and different Cref values used. Virkkula et al. (2011) used the algorithm of Arnott et al. (2005) and Cref = 3.688 at  = 520 nm. Cref was wavelength-dependent as in Arnott et al. (2005) . Naturally, the different methods used in the absorption 15 data processing also affected the optical properties, which are dependent on the σabs, such as ω0 and k.
In comparison to similar studies conducted at other Finnish measurement stations at Pallas in northern Finland (Lihavainen et al., 2015) and at Puijo tower in Kuopio, eastern Finland (Leskinen et al., 2012) , SMEAR II showed the highest σsca and σabs measured for PM10 particles. At SMEAR II, σsca was about two times higher and σabs more than five times higher than at 20
Pallas. The Pallas station is remote, located 170 km north of the Arctic Circle, far from anthropogenic sources. At SMEAR II, σsca and σabs were about 1.4 and 1.1 times higher, respectively, than that measured at the Puijo tower, even though the Puijo tower is a semi-urban measurement station located only 2 km away from the Kuopio city center. At the Puijo tower the measurements were conducted only on particles smaller than 2.5 µm, which explains part of the differences, at least for σsca.
The median ω0 was 0.85 for Puijo and 0.87 for SMEAR II and for the remote Pallas station notably higher (0.93). 25
The differences between the optical properties of the PM1 and PM10 particles are explained by the differences in concentrations, size distributions and chemical compositions. The average values of the PM10 particles given in Table 1 (σsca,, ω0, b, αsca, n and k at 550 nm, σabs at 520 nm), respectively. The extensive variables (σsca, σbsca and σabs) were smaller for the PM1 measurements, since there was less particle volume interacting with the radiation. Due to the differences in the Atmos. Chem. Phys. Discuss., https://doi.org /10.5194/acp-2018-981 Manuscript under review for journal Atmos. Chem. Phys. Discussion started: 12 November 2018 c Author(s) 2018. CC BY 4.0 License. median ω0 and n, the PM1 particles absorbed more light relative to scattering than the PM10 particles. The αsca and b are related to the sizes of the particles, so they were naturally different between the PM1 and PM10 particles. For the smaller PM1 particles, the αsca and b were larger than for the PM10 particles. However, b does not have as large a difference between the PM1 and PM10 particles as αsca.
Trends 5
The monthly medians of the AOPs at SMEAR II are shown in Fig. 1 . The monthly medians are marked in Fig. 1 only if the month had at least 14 days of valid data. The time series were used to determine the trends for the optical properties. The slopes of the trends and the trend statistics are presented in Table 3 . The table also presents the trends as percentages that were calculated by dividing the slope by the overall median value of the variable. The trends are also plotted in Fig. 1 The trends were determined for both the PM10 and PM1 measurements. 10
In the extensive properties, the trends were negative for the PM10 and PM1 measurements. The slopes of the trends for PM10 σsca, σbsca and σabs were -0.34, -0.043, and -0.095 Mm -1 yr -1, respectively. These decreases in the extensive properties were due to decrease in the particle number concentration, which can be seen in the TDMPS and APS data shown in ) that was slightly more negative than our results. 15
They also reported negative trends at other European sites. The results are in line with the decrease in particle number concentration observed in European countries (Asmi et al., 2013) .
The trends of the intensive optical properties were also investigated. These trends describe how properties such as the size distribution and chemical composition of the aerosol particles have changed. For the PM1 b and αsca the trends were positive, 20
indicating that the weight in the size distribution was moving towards smaller particles. For the αsca only the PM1 particles showed a statistically significant positive trend; however, the p-value for PM10 αsca trend was below 0.10, so there was weak evidence for the positive trend in PM10 αsca as well. Since the trends for the PM10 and PM1 measurements were similar, the trends in αsca and b may indicate that the concentration of larger particles in the accumulation mode was decreasing. The changes in the size distribution were investigated by determining a trend for each TDMPS and APS measurement channels. 25 The results are shown in Fig. 3 , which supports the claim that especially the largest accumulation mode particles were experiencing the relatively greatest decrease. In Fig. 2 it can be seen that VMD and particulate volume (V, calculated for particles smaller than 1 µm) also showed statistically significant negative trends, which also support the tendency of b and αsca to increase.
30
For ω0, the trend was positive, showing that the aerosol particles were absorbing relatively less light than before. As shown by the positive trend in ω0 and the negative trend in extensive properties, the air measured at SMEAR II was cleaner than before, while the higher ω0 indicates that the measurements were less affected by particles produced by incomplete combustion. The Atmos. Chem. Phys. Discuss., https://doi.org /10.5194/acp-2018-981 Manuscript under review for journal Atmos. Chem. Phys. Discussion started: 12 November 2018 c Author(s) 2018. CC BY 4.0 License.
negative trend for k supports the tendency for ω0 to increase, since the negative trend for the imaginary part of m means that particles absorb less light. The αabs, which is also related to the chemical composition of the particles, showed no significant trend for either the PM1 or PM10 particles. The negative trend for the interpolated n was only significant for the PM1 particles.
The tendency for the interpolated n to decrease could have been caused by changes in the chemical composition.
5
For the PM10 measurements, the Nafion-driers were installed in 2010, which decreased the RH in the measurement line. The change in RH may have resulted in some changes in particle sizes, especially if the particles were hygroscopic. A Nafion-drier can also increase the deposition of the particles, which then lowers the number concentration. Thus, installation of the Nafiondriers may have resulted in lower values in the extensive properties. However, the trends were similar for the PM10 and PM1 particles. During the PM1 measurements, there were no large changes in the measurement line, so the observed trends were 10 probably not caused by any technical changes in the measurement line.
As can be seen in the Fig. 1 , all the properties have some gaps in the data. Most of these gaps in the time series of σsca, σbsca and σabs during the summers of 2009 and 2010 were due to too high RH. The gap in 2010 was due to maintenance and installation of the driers and the switching inlet system. Some additional σbsca data were missing, due to malfunction of the 15 backscatter shutter of the integrating nephelometer. Dirty optics, malfunctions and maintenance caused the gaps in the aethalometer data in 2012 and 2015.
Aerosol optical properties and size distribution
To obtain a better view on how the shape of the size distribution affects the AOPs, the various AOPs were compared against the GMD and VMD separately for the PM1 and PM10 measurements. The results of the comparison are shown in Fig. 4 . The 20 GMD was mostly affected by the small nucleation and Aitken mode particles, which are high in number concentration, but was also affected by accumulation mode particles. The VMD, however, was heavily affected by the size distribution of the accumulation and coarse mode particles, since they predominated in the particle volume size distribution. This explains why there was no large difference between the GMD for the PM1 and PM10 particles, while for the VMD the difference is much higher. 25
For both the PM10 and PM1 particles, there was a clearly positive correlation between the σsca and GMD, which was due to the changes in particle concentration in the accumulation mode. The median number and volume size distribution for situations when GMD was below 50 nm or above 100 nm are presented in Figs. 5c and d. There was a clear difference in the number and volume size distribution in the accumulation mode when the GMD limit is varied. From the number size distribution, it 30 can be seen that GMD increased due to a larger accumulation mode and lack of particles in the nucleation and Aitken modes.
Nucleation and Aitken mode particles are produced and grown by condensing vapors and since larger particles in the accumulation mode act as a condensation sink for vapors, the smaller particle modes do not tend to exist when accumulation and GMD as well, since the scattering increases with higher GMD.
For the PM10 particles, there was a negative correlation between the σsca and VMD, but when the coarse particles were ignored, 5 the correlation became positive. The negative correlation for the PM10 particles is caused by the changes in the accumulation and coarse mode particle concentration. This is shown in further detail in Fig. 5a , where the median volume size distribution is presented for situations in which the VMD > 1500 nm, 500 nm < VMD < 1000 nm and VMD < 500 nm. When the VMD was high there was a strong coarse mode but the accumulation mode was clearly smaller than in the other situations. Even though the VMD was high, the lack of accumulation mode particles decreased the scattering. From Fig. 4 , it can be seen that 10 the σsca became maximal when the VMD was about 500-1000 nm. In this VMD range, the coarse mode was slightly smaller but the accumulation mode clearly increased, thus increasing the scattering. When the VMD < 500 nm, the coarse mode was almost completely missing, which decreased the σsca even though there was a large accumulation mode present.
The size-dependent properties αsca and b acted rather differently when compared with the GMD and VMD. When the GMD 15 was higher, the αsca also increased, which contrasted with the expectation that the αsca would decrease when the size distribution is dominated by larger particles. The observation that the αsca increased with an increasing GMD is in line with the analyses made for AOPs and size distributions measured in Guangzhou, China by Garland et al. (2008) , at SMEAR II by , and in Nanjing, China by Shen et al. (2018) . For unimodal size distributions the sca decreased with increasing GMD, as is shown by the lines in Fig. 4 . They were calculated by generating unimodal size distributions with the geometric 20 standard deviations GSDs = 1.5 and 2.0 and calculating the sca for  = 450, 550, and 700 nm with the Mie code with m = 1.517 + 0.19i and the sca from them. For bimodal size distributions, the relationship may be the opposite as Schuster et al. (2006) showed. At SMEAR II the size distribution typically consisted of multiple modes (Dal Maso et al., 2005; Saarikoski et al., 2005) which explains the observed relationship. An additional qualitative analysis of this relationship is given in Fig. 5c , where the median number and volume size distributions are plotted for situations in which the GMD was < 50 nm and > 100 25 nm. By comparing these two situations, it can be seen that when the GMD > 100 nm the accumulation mode was much larger than when GMD < 50 nm. Since the coarse mode is rather similar for both cases, the αsca varied due to changes in the accumulation mode. For the αsca and VMD, the correlation was negative (Fig. 5) , which supports the expectations. However, the αsca measured for the PM10 particles was much higher than that modeled for the unimodal distributions, which can also be explained by the multiple modes of the real size distributions. For the PM1 particles, the αsca measurements were well in line  30 with the values modeled, since the coarse mode particles were removed prior to the measurements and the VMD described better how the accumulation mode shifted. There was a negative correlation between the GMD and b, which was expected, especially since the size distribution was unimodal, as shown with the lines calculated for the above-explained simulated unimodal size distributions. However, the correlation between the GMD and b was rather weak, most probably due to the multimodality of the size distributions, as also for sca. The correlation between the b and VMD was different for the PM1 and PM10 particles. The correlation for the PM1 particles was clearly negative as expected, but for the PM10 particles the correlation was positive. The explanation for the 5 positive correlation is linked with the multimodality of the size distributions. This effect was not observed with the PM1 particles, because there were no coarse particles dominating VMD. The different correlations of αsca and b with VMD for the PM10 particles indicates that the αsca and b were sensitive to different size ranges. This is in line with Collaud Coen et al. (2007), who stated that in the Jungfraujoch data, b was sensitive to particles smaller than 400 nm and that the sensitivity of the sca was at its maxima for particle diameters between 500 and 800 nm. 10
Variation in refractive index during new particle formation
When the AOPs were plotted in a time series with the size distribution (Fig. 6) , we observed that the iterated real part of the m drops often decreased during new particle formation (NPF) event days. During a NPF event day, new particles are formed in the nucleation mode. After formation the particles grow, which is shown by the high concentration stripes in the size distribution time series. The interesting observation is that typically n decreased greatly, often down to < 1.4 few hours after 15 the NPF event starts. In Fig. 6 , the decrease can be seen on every event day, but not on 31 April 2013, when the concentration was higher. After the decrease, n grew at the same time as the newly-formed particles grew. After the growth finished n  1.52
which is approximately the refractive index of ammonium sulfate.
The reason for this behavior is unknown, since the new particles were much smaller than the smallest optically active particles 20 (100 nm). The data suggest that the condensable vapor that makes the newly-formed particles grow had a low n, because when this vapor condensed also on the accumulation mode particles, iterated n also decreased. During growth, n increased suggesting the condensable vapor differs at the various different stages of the growth. It has been shown that low-volatility organics play an important role in the growth of particles in forests (e.g., Ehn et al., 2014) , so they may be the explanation. It is also worth noting that a similar phenomenon was observed in Antarctic NPF by Virkkula et al. (2006) . For the other AOPs, we observed 25 no clear differences for event and non-event days.
Seasonal variation
The seasonal variation in the AOPs was clearly visible in the 12-year record shown in Fig. 7 . The seasonal variation in σsca and σbsca was not yet as clear in Virkkula et al. (2011) as it is now. For the σsca and σbsca, there were two local maxima that occurred during late winter (February) and late summer (July). The local minima occur during spring (April) and late autumn (October). 30
The σabs showed the highest values during winter (February) and the lowest values during summer (June). For the extensive properties, the highest values occurred at the same time in winter (February) when the ω0 was also low, which means that there were larger amount of particles from anthropogenic sources than in summer. Long-range transport brings pollution from the central and eastern Europe (Hyvärinen et al., 2011; Virkkula et al., 2011) especially in winter when the polar front has moved southward. Hienola et al. (2013) estimated that about 30 % of the measured equivalent black carbon 5 (eBC, the BC concentration determined optically from σabs measurements) at SMEAR II is transported from outside the borders of Finland. It means that in Hyytiälä, about 70 % of the absorbing aerosol mass is emitted from local or regional sources or transported from Finnish cities. Since February is one of the coldest months in Finland, domestic wood burning in the local and regional area increases the particle concentration (Karvosenoja et al., 2011) . Pollution can also be transported from nearby cities (the largest and closest are Tampere and Jyväskylä). Hyvärinen et al. (2011) 
observed no remarkable changes in the 10
Hyytiälä eBC concentrations coming from the Tampere region. However, the largest concentrations they observed came from the direction of Orivesi, which is a smaller town (population about 9 000) 20 km from the measurement station.
In summer, the ω0 had its highest values since the σsca was high and the σabs was low. In summer, the anthropogenic influence is not as strong as in the winter since the energy consumption is lower. The contribution of particles from natural sources 15 increased during spring and summer when the vegetation was active and growing. The seasonal variation in the n and k was clearly associated with the ω0. In summer when the ω0 was high, n was high and k was low. In winter, the relationship was the opposite. The scattering maximum in summer was probably caused by secondary organic particles (Tunved et al., 2006) , which explains why the b and αsca are also maximal.
20
There is an anti-correlation between the seasonal variations of ω0 and αabs. The maximum values of αabs (> 1) occur in winter, which means that light is absorbed more efficiently at shorter wavelengths than in summer. A higher αabs may suggest that light is absorbed not only by BC, but also by some light-absorbing organic carbon compounds, i.e. brown carbon (BrC). In summer, αabs was often < 1 but the deviation was large. Values below 1 could be caused by large BC particles (Dp > 100 nm) that have a purely scattering coating (Lack and Cappa, 2010) . In using only αabs, it is difficult to determine if the particles 25 consist of BrC, since BC particles with coating can also have an αabs up to 1.6 (Lack and Cappa, 2010) . In Fig. 7 we can see that the value of 1.6 is not really reached in Hyytiälä. Since αabs is dependent on the size of the BC core, the thickness of the coating and the m of the coating, more detailed investigation would be needed to determine why αabs is varies.
The seasonal variation in αsca and b describes the seasonal variation in the size distribution of the particles. Both αsca and b 30 were maximal in summer and minimal in winter, suggesting that the particle population consisted of fewer large particles in winter than in summer. For example, this could have been caused changes in the largest accumulation mode particles as it did in the trend analysis.
Diurnal variation
There was also some diurnal variation in AOPs at SMEAR II, as shown in Fig. 8 . However, the diurnal variation was rather weak and not nearly as clear as the seasonal variation. Since the meteorological conditions at the SMEAR II station vary widely from season to season, the daily variation was determined separately for spring (March-May), summer (June-August), autumn (September-November) and winter (December-February). The diurnal variation is shown in further detail in the 5 supplementary material.
For the extensive properties, the daily variation was similar in spring and summer, when both the σsca and σabs experienced a decrease during the day. The plausible explanation is boundary layer mixing, which dilutes the air. The diurnal variation in both the σsca and σabs was smallest in autumn. In winter, the sca was maximal before noon but it did not decrease significantly 10 in the afternoon, which is clearly different from the diurnal cycles of the sca in spring and summer. In winter, the variation was much weaker which can be explained by the weaker solar radiation and consequently weaker boundary layer mixing. In winter, there were also more often temperature inversions that caused air pollutants to accumulate in the boundary layer. The maximum abs in winter was observed in the evening at about 18-20 local time, whereas the maximum sca was before noon.
In winter, the extensive properties increase slightly during the day and decrease during the late night and early morning hours. 15
The daily variation in the ω0 is contrasted with the variation in σabs in every season. In spring, summer, and autumn ω0 was the highest during the day, while in winter it peaked in the early morning.
Variation between the PM10 and PM1 measurements
Even though the average values between the optical properties of the PM10 and PM1 particles differed, their seasonal variation was similar for all the various properties as can be seen in Fig. 7 . However, there was a seasonal variation in the relationship 20 between the PM10 and PM1 extensive properties, as shown in Fig. 9 . The seasonal variation in the PM1/PM10 ratio describes the impact of the coarse and fine particles on the σsca and σabs.
For the σsca the seasonal variation in the PM1/PM10 ratio was clear, but for the σabs there seemed to be no seasonal variation in the ratio whatsoever. The seasonal medians of the PM1/PM10 σsca varied from 0.7 to 0.8, and on average submicron particles 25 caused about 75 % of the total scattering of the PM10 particles. This was apparently a lower fraction than in the previous analysis of SMEAR II scattering data. Virkkula et al. (2011) stated that the seasonal average contributions of submicron particles to the total sca was in the range of 88-92 % , clearly more than in the present work. However, in that study the scattering size distribution and the contributions of the various size ranges were calculated from particle number size distributions with a Mie model and the physical diameters (Dp) were used whereas here the PM1 corresponds to particles 30 smaller than the aerodynamic diameter Da of 1 µm. With particle density of 1.7 g cm -3 this corresponds to the physical diameter Dp = (1/1.7) ½ 1 µm  0.77 µm. The contribution of particles smaller than 0.77 µm is approximately 85 % if it is estimated from Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2018-981 Manuscript under review for journal Atmos. Chem. Phys. Discussion started: 12 November 2018 c Author(s) 2018. CC BY 4.0 License. Fig. 11 of Virkkula et al. (2011) , still more than the ~75 % contribution of submicron scattering shown here. This may have resulted from the cutoff diameter of the PM1 impactor is not exactly sharp and also that the particles entering the impactor may have still been somewhat moist and thus larger than their dry size and were therefore removed from the sample stream.
Further analysis of the difference is omitted here.
5
The maxima of the submicron particle scattering occurred in winter and summer. The summer peak coincided with the maxima of the PM10 αsca, which already indicates that smaller particles play a major role in the size distribution. However, this correlation between the PM1/PM10 ratio and αsca was not observed in winter. In Fig. 2 , it can be seen that the VMD for the PM1 particles peaked during the winter, which is an indicator of a relatively larger accumulation mode. The large accumulation mode caused αsca to be low, even though there was relatively less scattering by the coarse particles. 10
For the σabs, the median of the PM1/PM10 ratio did not greatly vary seasonally. The PM1 particles absorbed about 90 % of the total PM10 particle absorption. So for the σabs there were no large difference in the σabs of the PM1 and PM10 particles. The coarse mode particles are typically primary and they have a quite high ω0 so their absorption is minor compared with the PM1 particles. The soot particles, which account for most of the particulate absorption, are typically submicron particles. The 15 deviation, however, clearly varied seasonally. In summer, the variation was considerably higher than in winter. This was probably due to the low σabs and high σsca in summer. Large amounts of particles with high ω0, cause uncertainties in the measurements. Especially when the σabs is low in summer, the errors were relatively higher. The uncertainty in the measurements also explains why there were so many values above 1 measured in the PM1/PM10 σabs ratio. The evolution of the PM1/PM10 ratio was also investigated but the trends determined for both the σsca and σabs were not significant. 20
Radiative forcing efficiency
For the aerosol radiative forcing efficiency (RFE = ΔFδ -1 ) the trends and seasonal variation were also investigated, as shown in Fig. 10 . Both the ω0 and b tended to increase, which makes the RFE decrease. The decreasing RFE means that the properties of dry aerosol particles have changed so that they cool the climate more efficiently.
25
The seasonal variation ine the RFE also followed the seasonal cycles of the ω0 and b. The RFE was minimal in summer and maximal in winter. Since b was lowest (forward-scattering particles) and the ω0 is also low (dark particles) in winter, the particles clearly did not have as strong a cooling effect as in summer when particles are smaller and light colored. The RFE did not take into account the variations in D, Tat, AC or RS, which clearly vary seasonally. The D, for example is much smaller during the winter, which would have lowered the RFE; in contrast, however, the RS is much higher when there is snow cover 30 and would make the RFE increase.
The relationship between the RFE, ω0 and b is shown in Fig. 11 . It can be seen that the correlation with ω0 is much stronger than with b. This can be interpreted such that at SMEAR II, the RFE was much more dependent on the chemical composition described by the ω0 and not as much on the size distribution described by b.
The RH of the ambient air was also not taken into account, and the RFE was calculated for dry aerosol particles. If the particles 5 were embedded in moist ambient air, they would have experience hygroscopic growth (Birmili et al., 2009 ) and thus their σsca would have been enhanced. In ambient air, we should take into account the variability in RH, most importantly as a function of height. At the top of the boundary layer we typically have RH values close to 100 %. Zieger et al. (2015) measured a 1.6 times larger σsca for moist air (RH = 0.85 %) at SMEAR II. With the available instruments it was not possible to measure how the σabs changes with increasing RH. Due to the enhanced scattering (higher ω0) the RFE would be more negative for the 10 aerosol particles embedded in air with higher RH. Even though the simplified RFE does not give an absolute value for the aerosol forcing, it can still be used as an indicator of how the properties of the aerosol particles have been changing and what type of a direct effect the changes have on climate.
The RFE describes only the efficiency of the aerosol particles in cooling or warming the climate. Even if the RFE was very 15 negative, the influence of aerosol particles on the climate would be small if the optical depth (δ) was small. The δ is highly dependent on the σsca and σabs. This is analyzed in further detail in Fig. 12 , where the ω0 is presented as a function of b. In Fig. 12 the RFE is presented with isolines and the σsca is presented by color coding. Figure 12 shows that when the RFE is most negative, the median σsca is actually experiencing its lowest value. When the RFE is closest to zero, the median σsca is the highest. It is also seen that when the b is high and the particle size distribution consists of smaller particles, ω0 is smallest and 20 the particles are most efficient at cooling the atmosphere. These relationships were also observed in a study of AOPs at the Station for Observing Regional Processes of the Earth System (SORPES), a measurement station in Nanjing China (Shen et al., 2018) .
Conclusions
In this study, we presented over 11-year long time series of AOPs measured at SMEAR II, a station in southern Finland. With 25 the long time series, it was possible to see statistically significant trends, seasonal and diurnal variations and different types of causality between the optical properties. We also compared the AOPs with the aerosol size distribution measurements conducted at the station. In comparing the AOPs and size distribution, we were able to determine the m values and observe in greater detail how the AOPs are dependent on the shape of the size distribution.
30
The extensive AOPs, as well as the aerosol number and volume concentration, tended to decrease This tendency for the extensive properties to decrease and for the ω0 to increase suggests that the amount of aerosol particles from anthropogenic Atmos. Chem. Phys. Discuss., https://doi.org /10.5194/acp-2018-981 Manuscript under review for journal Atmos. Chem. Phys. technologies. The tendency for b and αsca to increase indicate that the particle size distribution is gaining more weight with the smaller diameters, due to a decreasing number of particles on the larger side of the accumulation mode. Since the aerosol particles are smaller and less dark than before, their RFE is more negative, which means that the ability per unit δ to cool the atmosphere has increased. However, since the extensive properties and particle number concentration are decreasing the total 5 aerosol forcing is probably also decreasing.
There are clearly seasonal variations in the AOPs. The largest differences occur during summer and winter. The seasonal variations in the extensive properties and ω0 revealed that in winter the particles have a larger contribution from the anthropogenic sources than during summer. The aerosol RFE was calculated, using constant values in the fraction of the day, 10 surface albedo, atmospheric transmission and cloud fraction, which clearly show seasonal variations in southern Finland. The variations in the sun elevation angle were also not taken into account. Determining a more realistic RFE would require more work on the topic.
The diurnal variations at the SMEAR II station are most probably due to boundary layer development and the diurnal variations 15 during spring and summer could not be explained by anthropogenic activities. During winter, however, the boundary layer development is not as strong and the anthropogenic influence can then also be seen even at the remote SMEAR II station.
Atmos. Chem. Phys. Discuss., https://doi.org /10.5194/acp-2018-981 Manuscript under review for journal Atmos. Chem. Phys. Discussion started: 12 November 2018 c Author(s) 2018. CC BY 4.0 License. 
